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PHYSICAL, MECHANICAL, AND IRRADIATION PROPERTIES
OF THORIUM AND THORIUM ALLOYS

Joseph P. Hammond

ABSTRACT

Physical and mechanical property data on'thorium and
thorium alloys were reviewed, and information pertinent
to nuclear reactor application is compiled.

INTRODUCTION

Information on physical and mechanical properties of thorium and

its alloys was reviewed, and an up-to-date compilation was prepared for

n

use in the forthcoming revision of the Reactor Handbook. We are publish-

ing this compilation now for prompt availability, in view of the interest

in thorium-matrix fuels for desalination reactors.
PHYSICAL PROPERTIES OF THORIUM METAL

- Radioactive and Decay Process

Natural thorium is practicélly pure 232Th, This isotope is radio-
active with a half-life of 1.39 X 1010 years and is the first naturally
- occurring member of the radiocactive series that decays to 208pyp, . The

decay scheme,! listing particle emissions and half-lives in the radio-

"

isotopes, is summarized in Table 1.
2—10

Physical Properties

The physical constants of thorium are given in Tables 2 and 3.

Table 4 lists thermodynamic functions.



Table, 1. Thorium Disintegration Series®

Isotope Emission ?&Zi%y Half-Life Daughter
Thorium Alpha 4. 01 1.39 x 1010 y Mesothorium I
(?32Th) 3.95 : :
Mesothorium T Beta 0.055 5.7y Mesothorium IT
(22 8Ra )\ : i
Mesothorium IT - Beta 1.11 6.13 hr Radiothorium
(?284ac) Gamma  ~ 0.058
10
9l
Radiothorium Alpha 5.43 1.9 y Thorium X
(228mn). 5.35
Gamma, 0.08
21
14
17
Thorium X Alpha 5.68 3.64 days - Thoron
(224Ra) - . 5.44 ‘
: Gamma 0.24
Thoron Alpha 6.29 56 sec Thorium A.
(22%n) 5,74
Gamma 0.54 °
Thorium A Alpha 6.78 0.15 sec Thorium B
(216pg) ,
. Thorium B Beta 0.34 10.64 hr Thorium C
(?12pp) ' 0.58
Gamma 0.239 -
, ’ 0.30
. 0.11-0.41
Thorium C Alpha 6.05 60 min .
(212Ri) - 6.09 Thorium C”
(9.5-10.5)P
Gamma 0.040 I
Beta 2.25 Thorium C’
Gamma 2.20 '
Thorium C’ Alpha 8.87 0.30 x 1076 sec
(212pg) ) } L
cad (stable
Thorium C” Beta 1.80 ‘ 3.1 min 208pyp)
(20811) 1.0-2.38
Gamma 2.61
0. 58
0.51
0.23-1.09

'aData taken
Nuclides, 9th ed.

Schenectady, New York, 1966.

‘bRadiations

from short-lived daughter.

from D. T. Goldman and J. R. Roesser (eds.), Chart of
, revised to July 1966, General Electric Company,

kS
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Table 2. Physical Properties of Thorium

Property

Values . Reference

Crystallography .
Crystal structure <1375°C
Lattice parameter, A
Crystal structure >1375°C
Lattice parameter, A

Density, g/cm’
Theoretical .
Calcium-reduced (as cast)
Arc-melted iodide

Elastic constants, 25°C
Modulus of elasticity, psi
Shear modulus, psi '
Poisson's ratio
Compressibility, cm®/dyne

Melting point, °C

Boiling point, °C

Heat of fusion, kcal/mole

Heat of sublimation, kcal/mole
Heat of vaporization, kcal/mole
Vapor pressure 1757 to 1956°K
Superconducting temperature, °K

Magnetic susceptibility of
iodide grade, cgs units
20°C
-183°C .
Work function, ev
Hall coefficient, cm?/coulomb
Emissivity .
1025-1425°C (A = 6670A)
. Molten (A = 6500A)

Face-centered cubic’
ag (25°C) = 5.0843 + 0.002.

- Body-centered cubic

ag (1450°C) = 4.11 + 0.01 .

11.72

11.5 to 11.6

11.66

10.3. x 106

4.1 X 108

0.27

16.4 x 10713

1570

33004500

<. 6

131

<170 ‘ | ’
"log P (atm)A= - %§%§%7 + 5,991
1.3 to 1.4 -
0.54 x 10-°

0.64 X 107°

3.39%

-8.8 x 107° (vb)

0.38
0.40 | \

W

N e oW W

a. : :
Represents an average of best values.

bThis value corresponds to a density of conduction electrons of
7.1 X 10?2 electrons/cm’ or 2.4 electrons/atom.



Table 3. Properties of Thorium at Various Temperatures:

Electrical Mean Coefficient

Temperature Thermal Conductivity® L of Thermal
(°c) (cal sec™! cm~1 °c-1) R?51Et1v1§y Expansion®
. . ponm-cm (10_6/00)
25 16.95
100 0.090 21.45
200 0.093 27.35
300 0.0% . 33.20
400 0.100 38.85
500 0.102 - 44,20
600 0.106 49,20
650 0.108
700 53.80
800 o 58. 04
900 62 .00 :
20~100 o , 11.55
30-300 _ 11.65
30-500 . ' 11.9
30-700 | 12.5
30-900 . 12.5

30—-1000 , ' 12.65

0. N. Carlso et al., "The Metallurgy of Thorium and Its Alloys," .
Proc. Intern. Conf. Peaceful Use At. Energy, Geneva, 1955 9, 74-106 (1956).

bAmes Laboratory, Semi-Annual Summary Research Report in Physics
for January—June 1959,  IS-14 (October 1959).

Table 4. Thermodynamic Functions of Thorium®

Temperature Value of Function, cal mole™! °C71
°C °K c, c, s° o (m° —wuy)/T —(F° —HR)/T
—253 20 . 1.106 1.106 0.410 0.304 0.106
—223 50 4.048 4,042 2.770 1.801 0.969
-173 100 5.482 5.460 6.135 " 3.369 2.766
—123 150 5.965 5,927 8.460 4, .64 4,296
- =73 200 6.217 6.161 10.215 4,648 5.567
—23 - 250 6.392 6.318 11.623 4.980 6.643
25.00 298.16 6.532 6.441 12.760 5.220 7.540
27 300 6.538 6.446 12.799 5.228 7.571

M. griffel and R. E. Skochdopole, "The Heat Capacity and Entropy
of Thorium from 18 to 300°K," J. Am. Chem. Soc. 75, 5250-5251 (1953).
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Effects of Irradiation on Physical Properties

-

Unlike uranium metal, face-centered cublc thorium has excellent
résistance to damage by irradiation exposure. It is. not subject to the

anisotropy-induced growfh producéd in orthorombic uranium by thermal

-cycling or irradiation, and its shape and surface quality remain

'essentially unaltered.

When 232Th is irradiated, it captures a neutron and decays to form
2337 with emission of two betas. The latter isotope fissions and produces
a small volume ipcreasé resulting from the buildqp of fission product atoms
within the thorium lattice.  This volume increase occurs approximately '

linearly with the amount of fissioning and at a rate of less than 19 per

- atomic percent burnup. When thorium is exposed to high levels of burnup

at temperatures exceéding approximately 670°C, rapid and nonlinear swelling
occurs and is attributed to the precipitation and expansion of fission gases.

Figure 1 shows the density and dimensional changes of right-cylindrical

'slugs of thorium and Th—5% ?3°U alloy that were irradiated unrestrained in

sodium-potassium at central metal temperatures of 50.to 200°C. All changes,
even after heavy burnups, were small and.independent~of initial uranium
concentration and fabrication and heat-treatment history.ll ’
Thermal condﬁctivity after irradiation has been estimated by Bowman
and co-workersl? from electrical resistivity measurements made on
cyclotron-bombarded thorium wires. The result;, given in Table 5, show
thermal conductivity to decrease by about 5 to 8% at irradiation saturation.
Linear thermal expansion was measured!’ on two irradiated and one
unirradiated specimens qf Th—11% U alloy. Thermal expansion coefficients
of over 25 X 107%/°C were observed for the irradiated samples; this is
twice the value ordinarily obtained‘on'u;irradiated-material. This effeét
was attributed to expansion and contraction of intérnal pockets of fission

gas.
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Fig, 1. Chnages in Dimensions and Density of Thorium and Thorium-
Uranium Cylinders as a Result of Irradiation. [Reprinted from F. G. Foote
and J. H. Kittel, "Effects of Radiation upon Thorium," The Metal Thorium,
Proc. Conf., Cleveland, 1956, 278 (1958). ] '

Table 5. Effect of 38-Mev Alpha-Particle Bombardment on the
Thermal Conductivity of Thorium Wires®

. Conductivity, w em™1 °C71 : Decrease at
Temperature Saturation
(°c) ' Unirradiated - Irradiated® (%)

300 0.402 0.372 7.5
500 ‘ 0.431 : 0.406 5.8

aComputed from the Wiedemann-Franz ratio and electrical-
resistivity data. F. E. Bowman et al., Cyclotron Irradiation
Damage of Thorium, Stainless Steel, and Zirconium, NAA-SR-287
(April 1, 1954).

b . . .
.. “Baturation value, assuming no back. annealing.
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MECHANICAL PROPERTIES OF THORIUM METAL

Hardness

The hardness of the different grades of thorium for various conditions
at room temperaturel* is indicated by representative values in Table 6.
The change in hardness of worked Ames thorium as a function of temperature15

is. illustrated in Fig. 2.

Table 6. Hardness of Thorium at Room Temperature?®

Hardness of Thorium, VHN

Method of Production

Cold Worked Cold Worked
As Cast 80% and Annealed
Todide 40 75 35
Ames 75 110 65
Pressed and sintered - : 140 110

#P. C. Runion, B. A. Rogers, and S. H. Paine, "Thorium,"

pp. 211226 in Reactor Handbook, (ed. by C. R. Tipton, Jr.)
2nd ed., Vol. I, Interscience, New York, 1960.

NNl

8 88

N

n
‘O

HARDNESS, DPHN
H
o

N

0 100 200 300 400 500 600 700 800
TEMPERATURE, °C

Fig. 2. Change in Hardness of Ames Thorium with Temperature.*

[Reprinted from p. 222 in Reactor Handbook (ed. by C. R. Tipton, Jr.),
2nd ed. Vol. I, Interscience, New York, 1960. ]

*A. D. Schwope, G. T. Muehlenkamp, and L. L. Marsh, Mechanical and
Metallurgical Properties of Thorium, BMI-784 (Nov. 18, 1952).




) Recrystallization Temperature

The recrystallization characteristics of thorium were established by
examining hardness and microstructure while varying the amount of reduc-
tion by cold rolling and temperature of annealing. The recrystallization

temperatures of Ames and iodide thorium!®

are given in Table 7. Carbon,
the principal contaminant in Ames thorium, does not appear to have a

very significant effect on the recrystallization temperature range.

Table 7. Effect of Cold Work on Recrystallization
of Throium?

Recrystallization Temperature, °C

Reduction
in Arvea Start Complete
(%) Ames Todide Ames Todide
: Thorium Thorium Thorium Thorium
80 500 - 500 625 575
60 520 510520 . 625 600
40 540-550 520 ) 650 - 600
20 4 550-575 550—-575 650 700

®E. J. Boyle, "Recrystallization of Thorium," The
Metal Thorium, Proc. Conf., Cleveland, 1956, 217224, 1958.

Preferred Crystallographic Orientations

The preferred orientations formed in thorium by both extrusion to
rod and rolling to plate have been determined. Table & shows the principal
textures in Ames .thorium fabricéted under various conditions.”

The tensile properties in roiled sheet‘changed'very little with
orientation df specimens within the rolling piane, which is not unexpected
for relatively isotfopic thorium. For example, yield strength varied
only 7.5% with specimen orientation for the cold-rolled condition.
Recrystallization, which produces an entirely new texture (Table 8),
diminished the yield strength to about one-third the value for cold-

* rolled material; however, variation of yield strength with specimen

orientation remained small, about 6%.
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Table 8. Preferred Crystallographic Textures
in Ames Thorium® :

. Material Condition Orientation Components

Fiber textures

~Cold extruded : {111)

Recrystallized during extrusion - (001) or (114)
Recrystallized after extrusion (115) = (236) or

(013) = (4,10,13)

Sheét textures

Cold rolled to 75% reduction (148)(Z11), (011}(322),
: and {034}(100)

Cold rolled to 95% reduction - near {113}(211),
: .- : , near {011}(211), and
- ' . _ {011¥(100)

. . Cold rolled to 75% reduction (017}(100)

= and recrystallized ,

Cold rolled to 95%. reduction {001}(100) (the "cube"

and recrystallized texture)'

%L, K. Jetter and C. J. McHargue, "Preferred Orienta-
tion in Thorium," The Metal Thorium, Proc. Conf., Cleveland,
1956, 161-184 (1958).

The yield'stréngth’of rapidly extruded thorium rod was approximately
one-half that of slowly extruded rod. This large decrease in strength
probably resulted from softening effects accompanying recrystallization

rather than from the dappearance of entirely different textures.

Tensile Properfies

Considerable useful information in addition to tensile properties
is afforded by plotting tensile stress against strain. Some differeqces
in thé character of the diagrams obtained on three types of thorium have
been notéd. Diagrams for iodide thorium do no£ have a yield point.. |
Diagrams for cast Ames thorium occasionally show a yield point, and those

for Ames thorium completely annealed after cold workiﬁg usually do.
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Diagrams for compacted metal powder also are likely to show a yield

point. Figure 3 is a stress-strain diagram for cold-worked and annealed

Ames thorium.18
25
20
@
Q
8
o '5 ~,
&
= 10
n . .
) -
y N
0 -
0 005 010 015 020 025 .

STRAIN, in./in.

Fig. 3. Stress-Strain Graph for Cold-Rolled and Annealed Ames
Thorium. Metal was cold rolled 35% and annealed at 750°C for 1 hr.*
[Reprinted from p. 219 in Reactor Handbook (ed. by C. R. Tipton, Jr.),
2nd ed., Vol. I, Interscience, New York, 1960. ] :

*D, E. Hamby (ed.), Metallurgy of Thorium and Thorlum Alloys,
ORNL-1090, p. 16 (Dec. 7, 1951).

Rate of straining also affects the values obtained in tensile tests.
For relatively low rates a 100% increase in the rate of strain chahges .
the properties by only a few percent. Such an increase at a higher rate.
produces a much strongér effect. Low rates of straining were used in
obtaining the data in Table 9. Values for Ames thorium are representative
of metal that contains 0.025 and 0.03% C.1%
The measured values of modulus of elasticity vary widely; a reasonable
value is 10.5 X 10° psi. The effect of temperature on tensile properties,

including the modulus of elasticity,’ is shown in Fig. 4.

1
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Table 9. Tensile Properties of Thorium®

_ -Strength, psi‘ Ductility, %
Method of - -
Preparation Ultimate 2% Offset Elongation Reduction
: Tensile Yield in 2 in. + -of Area
Annealed »
Todide 18,000 6,000 - 40P S
Ames? : 25,000 15,000 60 75
Pressed and sintered 35,000 25,000° 357 25t
80% Cold Reduced
Ames? : 45,000 35,000 5 ‘ 2-3¢
Pressed and sintered 80,000 A . 3 2—3°
87, c. Runion, B. A. Rogers, and S. H. Paine, "Thorium," pp. 211-226

in Reactor Handbook (ed. by C. R. Tipton, Jr.), 2nd ed. Vol. I,
Interscience, New York, 1960. ' . :

bLocal necking allows fracture at low elongations for 2-in. gage
length.

CLarge reduction in area but difficult to measure.
dor content of about 0.3% C.
*Estimated. ‘

fValues vafy thrbugh wide limits.

Properties in Compression

' Very few measurements have been made on the strength of thorium in

18

compression. Figure 5 is an incomplete stress-strain diagram'® made on

a test piece of Ames thorium that had been annealed at 750°C for 30 min.

Behavior in Creep

Thorium must be stressed to an unusually high fraction of its ulti-
mate strength to promote continuing creep. To attain appreciable creep
in Ames thorium at 300°C, the stress must be within 2000 psi of the
ultimaté'strength. Calcium-reduced thorium tested as sheet or barl®
creeps at a lower rate at 204°C than at 93 or 316°C. A similar phenome-

non found in steels in the test range 100 to 300°C is termed
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Fig. 4. Changes in Some Tensile Properties of Thorium with Tempera—
ture of Testing.* [Reprinted from p. 221 in Reactor Handbook (ed. by
C. R. Tipton, Jr.) 2nd ed., Vol. I, Interscience, New York, 1960. 1

*0. N. Carlson et al., "The. Metallurgy of Thorium and Its Alloys,"

Proc. Intern. Conf. Peaceful Uses At. Energy, Geneva, 1955 9,
74=106 (1956). -

"blue brittleness" and is associated with strain aging. The faster the
rate of straining thorium at a fixed temperature, the less is the effect
of strain aging. The results?0 of some creep tests on cast Ames thorium
at room temperature and 300°C are given.in Table 10.

The stress-rupture. behavior of extruded calcium-reduced thorium bar
containing 0.4% C depended on the extrusion rate.?l This effect is
illustrated in Fig. 6 for material tested at 300°C. The higher the speed
of extrusion used, the lower the rupture stress for a given time under
stress. The materials extruded at the higher rates probably were
elevated in temperature relative to the slowly extruded thorium and had

different crystallographlc textures.
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Fig. 5. Stress-Strain Graph for Ames Thorium in Compreés1dn *.
[Reprlnted from p. 221 in Reactor Handbook (eq. by C. R. Tlpton, Jr. )

"~ 2nd ed. Vol. I, Interscience, New York, 1960 ]

*D. E. Hamby (ed ), Metallurgy of Thorium and Thorlum.Alloys ORNL-1090,
p. 16 (Dec. 7, 1951). ' ‘

Table 10. Results of Creep Tests on Ames Thorium®

Temperature Stress, psi tl(b) Creep Rate tg(C)
. o _l ’
(°c) Preliminary During Test (hr) (hr ) (nr)
‘ , » X 1076
25 20,000 25,000 4500 3.24 -3930
25 15,000 600 0.82 2200
15,000 - 19,000 - 700 1.53 1200
300 15,000 , 30.7 - 2000

8. C. Danielson et al., Terminal Réport of ‘an Investigation of the
Propertles of Thorium and Some of Its Alloys, ISC-297 (Oct. 1, 1952).

btl, time required for the creep rate to become approximately constant.

tg, interval over which the indicated creep rate was maintained.
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Fig. 6. OStress-Rupture Curves for Extruded Ames Thorium. Nominal
carbon content, 0.040%, 0.505-in. round bar tested at 300°C and
4 X 107% torr.* . ‘

*R. B. Oliver, Metallurgy Div. Semiann. Progr. Rept. April 10, 1953,
ORNL-1551, p. 6. : ‘

. JFatigue

Reported values on endurance limit are higher for Ames thorium in
sheet form thanh in rod. Diffefences again proBably stem from differences
in texture and degree to which fecrystallization or softening had occurred.

The endurance limits® for rotating beam tests conducted on Ames
thorium rod at room temperature were 12,000 to i2,5OO psi for cast
specimens, 15,000 psi for cold-rolled specimens, and lB;OOO psi for-
specimens forged at 600°C.

Stress-cycle curvesl® for cold-rolled and annealed Ames thorium
tested aé sheet by cantilever behding are shown in Fig. 7. At an endurance =
limit of:'lO7 cycles, the fatigue strengths were 22,500 and 17,500 psi for
unnotched and notched specimens, respectively. Thorium appears to be )
moderately notch sensitive; that is, once a crack is formed, it is likely

to prOpagate.4
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Fig. 7. Fatigue Behavior of Unnotched and Notched Thorium Sheet
Specimens. Tests were made at room temperature on calcium-reduced
thorium forged and hot rolled at 790°C, cold reduced 50%, and annealed
3 hr at 735°C.* [Reprinted from p. 223 in Reactor Handbook (ed. by
C. R. Tipton, Jr.), 2nd ed., Vol. I, Interscience, New York, 1960. ]

*A. D. Schwope, G. T. Muehlenkamp, énd L. L. Marsh, Mechanical and
Metallurgical Properties of Thorium, BMI-784 (Nov. 18, 1952).

Strength Under Impact

Ability to resist impact, which reveals the notch sensitivity of a
metal, is important iﬂ such fabrication operations as rolling and forging-
and in certain service applications. The resistance to impact of Ames
thorium appears to be sensitive to carbon content, according toc the
results given in Fig. 8 for speéimens cut from ingots.zO

Temperature also has a considerable_effect on the impact strength
of thorium.%o Cast Ames thorium, when tested as Charpy-type specimens,
exhibits a transition from brittle to ductile failure between 100 and
500°C, as illustrated in Fig. 9. |

The results of impact tests on Izod-type specimens of Ames thorium,
shown in Fig. 10, diSpléy a narrower transition range centering at 50°C;

interestingly enough,,iodidelthorium failed to reveal a transition and



16

o A" Billets
® "MX" Bilets

CHARPY IMPACT STRENGTH, ft-ib

4 Q O o

o q

8| o o 0©
0. o B ¢, ° °
) [
o o, o
2 QLO'_O%’, —— Iy
9 et .« o @0 . s
. [ o [ ]

o N

200 300 400 500 600 700 800 900 1000 100 1200 1300 1400 1300
CARBON ANALYSIS, ppm -

Fig. 8. Effect of Carbon Content on Impact Strength of Cast Ames
Thorium. Specimens represented by the open circles were cut from ingots
that were cast from scrap thorium (i.e., turnings, cropped ends of ingots,
and the like).* [Reprinted from p. 223 in Reéactor Handbook (eq. by
C. R. Tipton, Jr.), 2nd ed. Vol. I, Interscience, New York, 1960. ]

%G.'C.’Danielson et al., Terminal Report of an Investigation of the
Properties of Thorium and Some of Its Alloys, 1SC-297 (Oct. 1, 1952).

~ showed increasing energy with lowering of temperature.22 Todide thorium
with as little as 0105% C shows a transition temperature, which increases

with carbon content.

Damping Capacity

The damping capacity (ability to absorb energy under vibration) of
thorium specimens subjected to transverse bending is shown in Fig. 1l.

This property is constant to 300°C and rises rapidly at higher températufes.

Effect of Irradiation on Mechanical Properties

The results of tensile tests after two series of low-temperature

t.2352% Ope series

irradiations on unalloyed thorium are reported by Bemen
of specimens was irradiated at about 150°C to fission burnups of 233y
ranging from 0.0l to 0.04 at. % of the thorium. Another series was

irradiated at about 300°C to fission burnups of 233U ranging from
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Fig. 9. Effect of Temperature on Impact Strength of .Cast Ames Thorium.
Charpy keyhole specimens were used.* [Reprinted from p. 223 in Reactor
Handbook (ed. by C. R. Tipton, Jr.), 2nd ed. Vol. I, Interscience,

New York, 1960. ]

*G. C. Danielson et al., Terminal Report of an Investigation of the
Properties of Thorium and Some of Its Alloys, ISC-297 (Oct. 1, 1952).

0.1 to 2 at. % of the thorium. The results of foom—temperature tensile
tests on unirradiated and irradiated specimens are summarized in Table 11
and Figs. 12 and 13. ' "

The data show that unirradiated annealed thorium yields plastically
at about 15,000 psi and then work-hardens to an ultimate strength of
about 25,000 psi (Table 11). The same material after a very-slight
neutron. irradiation yields at a stress well above the former ultimate
strength -of 25,000 psi; then as shown in Fig. 12, it "work softens" to
failure at a much lower stress than that at which plastic yielding first
commenced. ‘Figure‘lB shows that the yleld point increases and the total

elongation of thorium decreases progressively with increasing dose.
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Fig. 10. Effect of Temperature on Impact Strength of Thorium Showing
the Ductile-to-Brittle Transition.* [Reprinted from p. 223 in Reactor
Handbook (ed. by C. R. Tipton, Jr.), 2nd ed. Vol. I, Interscience,

New York, 1960. ] '

*J. A. Milko, Metallurgy Div. Semiann. Progr. Rept. Oct. 10, 1953,
ORNL-1625, p. 7.

The effects of neutron irradiation on mechanical properties of
unalloyed thorium at room temperature, 590 and 815°C are shown in

Table 12.2° Although the room-temperature tensile values confirm the
results in Table 11, the high-temperature results show a small increase
in‘the ultimate strength‘ahd a large increase in thé yield strength.

The hardness of thorium has been shown by various investigatorslzﬁ'z6

to increase with irradiation.

3%
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Fig. 11. Increase in the Damping Capacity of Thorium with Rising
Temperature. Decrease in modulus of rigidity is also shown.* [Reprinted
from p. 224 in Reactor Handbook (ed. by C. R. Tipton, Jr.), 2nd ed.

Vol. I, Interscience, New York, 1960. ]

*A, D. Schwope, G. T. Muehlenkamp, and L. L. Marsh, Mechanical ‘and
Metallurgical Properties of Thorium, BMI-784 (Nov. 18, 1952).




Table ll.‘ Tensile Data for Irradiated and Unirradiated Thorium®

Irradiation Data o Strength, psi
. Specimen - - Total \ Modulus of
Specimen Originb Dose Burnup 0.29 Offset . .Elo?g?tlon El?st?glty
(neutrons/cm?®) (at. %) (fissions/cm?®) Yield Tensile % pst

, x 10R0 ’ x 108 - x 103 x 10° x 10
B-1 Battelle 15.7 25.1 47 11.3
B-2 Battelle 15.4 24.2 - 37 12,1
H-1 Hanford . -15.9 - 24.9 36.5 10.2
H-2 Hanford - 20.7 28.6 -39 8.2
EZ - Battelle 3.4 0.011 3.2 37.2 37.3 4,2 7.2
GZ Battelle 3.5 0.012 3.5 37.6 ©.37.8 34.6 8.7
DZ Hanford C 3.4 0.011 3.2 40.3 40.3 3.6C 9.7
FZ Hanford 3.5 0.012 3.5 39.8 39.8 31.7 9.1
EW Battelle 5.7 0.035 11.0 42.1 42.7 8.4 8.3
GW Battelle 5.8 0.035 11.0 43.9 b 4, 21.0° 8.9
DW Hanford 5.7 0.035 11.0 43.9 43.8 15.6 8.6
W Hanford 5.8 0.035 11.0 53.1 52.9 7.4C 9.1
28 Battelle 9.9 0.12 35 - 49.8 50.8 17.8 12.2
27 Hanford - 11.6 0.16 47 53.9 56.5 13.2 10.7
30 Battelle 31.2 0.95 300 ' 69.1 . 4.9 2.4 11.2
26 ' Battelle 34.7 1.15 340 48,84 0.8 8.1
25 Hanford bty 6 1.65 480. , 55,94 0.7¢ 9.6
29 Hanford 49.9 1 6 3.2 8.6

.90 560 69.1 75.

' aHanford Atomic Products Operation Quarterly Progress Report on Fuels Development Operation,
October, November, December 1959, HW-64863 (January 15, 1960). CLASSIFIED.

Parain size at 100X: Hanford, 150 grains/in.?; Battelle, 50 grains/in.?.

CSampleAbroke outside of gage length.
dBreaking strength.

0c
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Fig. 12. ©Stress-Strain Curves for Irradiated Thorium. See Table 11 .
for specimen exposures.* [Reprinted from Reactor Mater. é(l), 9
(February 1962). ] -

*Hanford Atomic Products Operation Quarterly Progress Report on Fuels
Development Operations, October, November, December 1959, HW-64863
{(Jan. 15, 1960). CLASSIFIED.
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Fig. 13. Variation of Yield Strength and, Elongation of Thorium with
Burnup.* [Reprinted from Reactor Mater. l) 9 (February 1962).]

*Hanford Atomic Products Operation Quarterly Progress Report on Fuels
Development Operation, October, November, December 1959 HW-64863
(Jan. 15, 1960). CLASSIFIED. - 4 ‘
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Table 12. Room- and Elevated-Temperature Tensile Properties
of Irradiated Thorium® '

: . Total
Test Thermal Dose  Burnup Strength, psi Elongation
Temperature ( % s/ 2y (at 7) - ‘h 1 i
(°c) neutrons/em © P 0.29 Yield Ultimate (7)n°
" ) . 0
X 10?20 x 10° X 103
Battelle Materialb '
25 0 16.7 24 .4 41
25 0 16.4 24.6 50
25 0 17.5 26.5 57
815 0 | ~7 ~L7 ~43
25 8.1 0.077 b2 44,6 24
25 7.1 0.058 44, 5 44,9 29
590 7.3 0.060 ~24 " ~R7 ~22
815 7.6 0.065 ~0 - ~21 ~9
Hanfbrd M,aterialC
25 0 21.0 31.7 55
25 o] 22.3 29.9 d
- 590 0 ~ ~0 - ~2
815 0 "~ ~16 ~6
25 7.7 0.070 50. 5 51.1 4
25 8.4 - 0.085 8.6 T 49.5 d
590 7.3 0.060 ~22 - ~23 , ~24
815 7.5 0.065 .~19 ~19 ~16

aHanford Atomie Products Operation Quarterly Progress Report

on Fuels Development Operation, October, November, December 1960,

HW-70355 (Jan. 13, 1961).

CLASSIFIED.

Parain size of 3 grains/cm® at 100X; contains 70 ppm Fe,

370 ppm C, and 1125 ppm O.

“Grain size of 23 grains/cm?® at 100x; contains 155 to 315 ppm Fe,
295 to 730 ppm C, and 850 ppm O.

dSample broke outside of 1 in. gage length.

eLowerlyield strength.
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MECHANICAL PROPERTIES OF THORIUM ALLOYS:

Considerable research has been done on alloying thorium to improve
its meéhgnical properties for use 1in reactor fuel elements. Many poten-
tial hardeners were found, some of the most'effective being C, Zr, Mo,

U, and Al, More recent studies on thorium haﬁe been directed toward
improvement of elevated-temperature properties. In this connection,
solid~solution strengthening,‘pfecipitation hardening, and hard-particle
dispersion hardening have figured prominently.

For exploratory studies directed to high—temperature alloys, hot p
hardness has frequently been used as a preliminary test. Elevated-
temperature tensile and creep tests have been conducted on the more
promising alloys. The results of separate studies are not always com-
parable because of differing impurity slevels in the thorium base ané
~differing fabricating or testing techniques. ‘

In discussing the properties of thgrium alloys, hot-hardness results
are Tirst reviewed. Subsequently, the individual alloy systems are
treated in order of their merit from the point of Vieﬁ of nuclear and

high-temperature properties.

Survey of Hot Hardness of Arc-Melted Thorium Alloys

Oak Ridge»National.Laboratory27 has studied the effects of binary and
térnéry additions to arc-melted thorium and evaluated the results by hot-
hardness traverses on hot-rolled plate. Battelle?® has condﬁcted similar
studies on thorium-uranium and thorium-uranium-base alloys. The hot- A
hardness results stemming from these in&estigations are listgd in Table 13
in order of hardness at 600, 750, and 800°C.

The elements C, In, U, and Zr all have significant solid sblubility
in thorium. Of these elements, carbon was principally effective below
500°C, although carbon in combination with Cr, Mo, U, and Be -appeared to
enhance hardness at 600°C. As single additions, indium and zirconium
had the strongest effect on hardness at 600°C and higher. They also had
' the greatest effect in raising the recrystallization temperature.27 As

seen in Table 13,.10% U—thorium-base alloys containing small or moderate.
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Table 13. Thorium-Base Alloys in
Order of Decreasing Hardness

y Composition Hardness
Alloy® (st %) (1 /)
600°C

ORNLP 4 In o1
BMI© 10 U—0.5 Al - 75,7
B d 10 U-10 Zr—2 Nb 73.2
BMIC 10 U=0.1 Be 69.1
BMIL® 10 =0.2 C _67.3
BMIC 10 =10 Y 66.1
BMIC 10 —-1.5 Mo—0.2 C 64 .7
ORNLP 2 In : 63
BMIC 10 U=0.2 Be 62.3
ORNLP 10 zr 59
ORNLP 5 Zr 59
BMI® 10 =2 Nb=0.2 C 58
BMIC 10 U=4 Nb 56.6
BMzd 10 U~10 Zr -~ 54.5
ORNLP 5 Z1r—0.2 -C 54
ORNLP 20 Zr - 54
ORNLP 59v=0.2 C 50
BMIC 10 U—2 Mo . 49.3
ORNLP 4 Tr=5 Zr ' 49
ORNLP 2 In=0.2 C 49
ORNT.? 2 Cr=0.2 C 47
BMI® 20 U 46.2
BMIC 50 . 45.4
BMI® 10U 45,4
ORNLP 2 Mo—0.2 C b,
ORNL? 5 U=0.2 C b,
ORNLP 0.2 Al=0.2°C 43
ORNLP g Nb 43
Bmr4 10 U=2 Nb 42.7
BMTd . 10 U=20 Zr 42 .4
Bz d 10 U=1.5 Mo - 41.1
ORNLP 0.2 Be—0.2 C 40
ORNL 5 7i—-0.2 C 40
BMI® 15U . 39.2
Bz d 10 U=25 Zr 39.2
ORNLP 0.2 C 38
ORNLP 5 i - 37
ORNLP 20U 36
ORNLP 0.4 Al 1 35
ORNLP g Cr 35
ORNLE 0.2 AL . 32
ORNL 5 V. © 32
ORNLDP 50U 30
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Table.13. (continued)

a Composition Hardness
Alloy (wt %) (kg/mm?) -
ORNL? 8 Mo 30
ORNLP 0.15 C 29
ORNLP . 2 Nb=0.2 C 29
ORNLP 10U 28
ORNLP 4 Mo 27
ORNLP 4 Cr 27
ORNLP 4 Nb 26
ORNLP 2 Wb 26
ORNLP 2 Mo 24
ORNLP 0.10 C 23
ORNLP thorium 22
ORNIP 2 Cr 21
"ORNLD 0.2 Be 21

750°C
ORNLP® 4 In ’ 55
ORNLP 57r 37
ORNLP 4 Tn=5 Zr 34
ORNLP 5 V=0.2 C - 33
ORNL? 2 In 31
ORNLP 5 Z1—0.2 C .31
ORNLP 5 U—=0.2 C 26
ORNLP 20 Zr , 25
ORNLP. 10 zr 25
ORNLP g Wb ‘ 25
ORNLP 5 Ti=0.2 C 24
ORNLP 5 T .23
ORNLP 2 In0.2 C 23
ORNLP 0.2 Be—0.2 C 20
ORNLP 5 v . 20
ORNLP 2 Cr—0.2 C 20
ORNL? 0.2 A1=0.2 C 20
ORNLP 0.4 Al : 19
ORNIP? 0.2 Al 19
ORNLP 20 U 18
ORNLP gcr N 18
ORNLP 50 18
ORNLP 8 Mo _ 17
ORNLE 2 Mo—0.2 C 17
ORNL 4 Nb 17
ORNLP 10 U 15
ORNLP 4 Mo . 15
ORNILP 2 Nb : 14
_ ORNLP 0.2 Be 14
ORNLP 0.2 C 13
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Table 13. (continued)

Composition Hardness
Alloy® (vt %) (kg /mn? )
ORNL? 4 Cr 13
ORNLP 2 Mo 13
ORNLP 0.15C 11
ORNLP thorium 11
ORNLP 2 Cr 11
ORNLP 2 Nb-0.2 C. 11
ORNLP 0.10 C 9

800°C

BMI® .10 U—0.2 Be 29.6
BMIC 10 U=0.1 Be 27.3
BMI® 10 1~0.5 Al 26.9
BMI® 10 1.5 Mo—0.2 C 243
BMI® 5U 24.0
BMIC 10 U—0.2 C. 22.5
amrd 10 U-1.5 Mo 22 .4
BMI® 10 -10 Y 22.4
Byrd 10 U=10 Zr 22.2
BMIE 10U 22.1 -
BMIC 10 U~4 Nb 21.3
BMI 9 10 U—2 Wb . 20.3
BMIC 10 =2 Nb—0.2 C 19.8
avr? 10 =10 Zr—2 Wb 17.2
BMIC 20U 14.0
RvT 4 10 U—25 Zr 11.8
Bt 10 U—20 Zr . 10.7
BMI® 15U .- 10.6

aNominal Composition prepared by arc melting.

, bAmes thorium, tested in hot-rolled condition. Ref:
J. A, Burka and J. P. Hammond, Evaluation of Thorium-Base

Alloys for High-Temperature Strength, ORNL-3777 (April 1965).

¢ . . s
Ames thorium, tested in as-cast condition.

Ref':

‘M. S. Farkas, A. A. Bauer, and R. J. Dickerson, "Development
of Thorium-Uranium and Thorium-Uranium-Base Alloys for Breeder
Applications," pp. 468497 in Proceedings of the Thorium Fuel
Cycle Symposium, Gatlinburg, Tennessee, December 5-7, 1962,

TID-7650, Book 2 (July 1963).

dIodide thorium, tested in as-cast condition.  Ref:

®Ames thorium, tested in hot-rolled condition. Ref:

Tbid.
Ibid.
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additions of Be, Al, Nb, Mo, Zr, or Y at 600 and -800°C gave‘high hardness.?8
Beryllium.and aluminum form compounds with both the uranium and thorium

and probably contribute to strength by disperéion hardening and; to some
extent, by solid-solution hardening. Niobium, molybdenum, and, to a

lesser extent, zirconium stabilize the body-centered cubic (y) modifica-
tion of the uranium in theée alloys and possibly contribute to strength

by stabilizing a finely dispersed gamma phase.

Thorium Strengthened by Dispersion Hardening

Investigators at ORNL have examined?® a number of means for intfo-
ducing stable fine dispersions in thorium; represehtative hot-hardness
results are given in Table 1l4. Excellent dispersion structures were.
achieved in thorium derived from the fragile hydride ball-milled with
ultrafine Th02.4 Extruded rod of this material digplayed gdod hardness
and strength at 800°C. However, carbon has a deleterious effect on prop-
erties, and restricfing carbon piékup and controlling the final oxide
content by this method proved difficult. That carbon has a harmful
effect on hardness at 800°C is seen by comparing specimens 5 and 3 of
Table 14 (and by inference 4 and 2). ' ‘

A fine dispersion of intermetallic UBei3 in thorium, introduced by

1

a special procedure of "splat cooling" atmoized particles of the alloy
while ‘still molten, also gave good hardness to 800°C (specimen 6, Table 14).
By far the best hot-hardness results were obtained by an'intérnal

boronation process devised to form a stable zirconium boride dispersion
(specimens 7 and 8). 1In this process a small amount of separated 11y
isotope in the form of 200-A soot is blended into an ultrafine powder of
thorium-containing 4.65% (10 at. %) Zr in solid solution. As in the

case of the ThOs;-hardened material, the thorium is rendered fine by ball-
milling it as hydride. Boron is then introduced and the mixture con- .
solidated and hot extruded to rod. The boronated alloys picked up
substantial carbon (3/4 to 1%), as did two of the ThO;-hardened specimens
(Specimen 5 and presumably 4), from the hydrocarbon grinding liquid used in
milling. Howevér, the boronated alloys showed the éxtraordinarily high

hot hardness in spite of carbon contamination. That the boron in



Table 14. Hot Hardness of Dispersion Hardened Thorium Alloysa

) Chemical Analysis Hardness® (DPH) at Temperature
Soecifen Method of Additives, (vt %) (°c)
P Hardening? . (wt %) -
: B o 0 25 500 600 700 800
1 None None 85 30 22 15
2d ThO, embedment 5 ThO _ 123 53 41 29 21
3d ThO, embedment 10 ThO, 0.14 220 91 63 43 31
4€ ThO, embedment 5 ThOp : ‘326 126.5 68.5 23 7
5¢ ThO, embedment 10 ThO, 1.05 296 91.5 60.5 21.5 5.5
6f SLIS 1.3 Be 139 86 71 45 28
78 Boronation 4,65 Zr—0.54 B  0.43 ‘ 427  129.5 92 70.5  74.5
88 Boronation 4.65 7Zr—0.14 B 0.15 0.91 0.53 403 152 94 62 53
gh Carburization 4. 65 Zr 0.77 280: 88 33 16 10

&7, P. Hammond, Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1967, ORNL-4170, p. 106.

bThorium used to prepare each alloy was from a calcium-reduced grade analyzing 99.8% Th,
340 ppm C, 2000 ppm O, and 180 ppm N.

Co,. .
Each value is an average of two measurements.

'dFine dispersion was prepared by dry ball-milling 0.03-p ThOp with hydrided thorium in ordinary
mlll followed by vacuum hot pressing in graphite at 1000°C and extruding at 900°C

®Fine dispersion was prepared by ball- mllllng 0.03-p ThOp with hydrided thorium in a high-
energy mill, followed by dehydriding, cold préssing, vacuum sintering at 800°C, and extruding at
750°C. The high carbon content was attributed to carbon picked up from a hydrocarbon grinding
liquid used in ball-milling. : ' ,

Flne dispersion is based on the ThBe;s intermetallic and was prepared from powder made by the
SLIS technlque Powders were consolidated by hot-upset-extrusion at 600°C

€Fine dispersion was prepared by boronating a finely ground thorium alloy powder containing
4.65% Zr in solid solution. The alloy was hydrided, ball-milled in a high-energy mill, and then
dehydrided, and a 200-A boron soot was introduced by dry blending. Consolidation was by vacuum

sintering at 800°C and extruding at 750°C. The high carbon content was attrlbuted to carbon
gained from a hydrocarbon grlndlng llquld used in ball-milling.
h

Processed the same as specimens 7 and 8 except that no boron was added.

R4

8¢
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conjunction with zirconium and not carbon accounts for thé high hot hard-
ness was proven by a supplemental experiment cbnducted to introduce carbon
while excluding boron from the thorium-zirconium alloy (5pecimen 9);
Without boron, these alloys showed very low hot hardness. Further work
is warranted on boronated thorium-zirconium alloys to eliminate carbon
" contamination.and determine mechanical properties. ‘

Effects of Interstitial'Solutes on Thorium>9,31

The effects of the interstitial atoms normally found in bomb-reduced
thorium (carbon, nitrogen, and oxygen) on -the tensile strength, yield
strength, hardness, and ductility of iddide thorium that has been worked
and énnealed are presented in Fig.‘lA. For ready reference, the normal
composition ranges of carbon, nitrogen, and oxygen in calcium-reduced
metal are indicated in the graph. Carbon, with a' room-temperature
solubility of 0.35%, has a marked solid-solution hardening effect on
thorium, whereas oxygen, with a,veryvldw room-temperature solubility,
has a negligible effect. The effect of the 0;009 to'0.0lé%vN normally
presént in calcium—reduced'material is not known. ILarger amounts of
nitrogen raise mbderately the tensile strength, yield strength, and

hardness of thorium.

Thorium-Uranium Alloys

Uranium is an eséential ingredient in»thoriﬁm fuel alloys because it
is added to provide a fissionable isotope gnd it forms as a product of
neutron irradiation. Uranium is moderately soluble in thorium,3? the
solubility being around 1.1% at 600°C and about 1.8% at 1100°C. Uranium
in excess of the solubility limit exists as free uranium, which at levels
in excess of about 15% is preéent as a grain-boundary network regardless
of fabricating procedure used.?® Below 15% U, the composition of the
alloy and metallurgical treatment will govern the size and distribution
of the uranium phase, which, in turn, affects the physical properties
and irradiation performance. Heating to high temperature tends to agglomf

h.33

erate free uranium and decrease strengt Thorium-uranium alloys are
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Fig. l4. Effect of Some Interstitial Solutes Normally Found in
Bomb-Reduced Thorium on the Room-Temperature Tensile Properties and
Hardness of Iodide Thorium. Base metal compositions and metallurgical
treatments: BMI —,0.012% C, 0.080% O; forged and hot rolled at 700°C,
cold reduced 50%, annealed in argon 2 hr at-850°C.* ORNL — 0.015% C
0.080% 0; arc-melted, cold reduced 85%, vacuum annealed 0.5 hr at 650°C.**

. *R. M. Goldhoff et al., A Study of the Strengthening of Thorium by

Alloylng, Cold Work, and A, Aging, BMI-776 (Nov.

1, 1952).

¥*J., A. Milko, R. E. Adams, and W. 0. Harms, "The Mechanical Properties
of Thorium and High-Thorium Alloys," The Metal Thorium, Proc Conf.

Cleveland, 1956, 186216 (1958).
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readily melted and fabrica£ed to uranium contents of 50%; Table 15 shows
that the room—témperature strength of alldys based on bomb-reduced
thorium increases with the uranium content.?4535 . |

Battelle?® finds that Th—5% U has greater creep strength at 600 and
700°C than allbys of greater amounts of uranium, as shown ind Fig. 15.
Data of Atomics International”’ show that a Th—9% U alloy has considerable
creep strengfh at 600°C and that mechanical work further increases the
creep strength. Kittel et g£.36_fouhd somewhat superior ifradiétion
performance in alloys contalning 15% U and less, although thorium with

uranium to 25% gives good resistance to swelling.

Thorium-Uranium-Containing ‘Alloys

Battelle Memorial Institute28 also investigated the room- and high-
temperature mechanical properties of fabricated ternary alloys'containing
10% U, shown in Table 16 along with results for thorium and Th—10% U
alloy for comparison. Observe that the addition of 1.5% Mo or 2% Nb
to Th—10% U has . little effect on the tensile propertieé of the base alloy
at room or elevated temperature, whereaS'thé incorporation of 10% Zr or
10% Zr and 2% Nb has a very substantial effect. This effect is dramati-
cally reversed in creep at 600 and 700°C, as shown in Fig. 16. The
addition of 1.5% Mo, 2% Nb, or 0.1% Be to Th—10% U increases its creep
strength by-5O to 75%. '

This reversal in mechanical properties between short- and long-time

tests is attributed to the properties of the grainfboundary network of
uranium found in these alloys and to the relative effects of the alloying
additions in stabiliiing the gamma modification of this constituent and
thus conferring thermal stability to the network.?8 "The contribution of
zirconium to streﬁgth in short-time testé stems primarily from solid-
solution strengthening of the thorium matrix.

Advanced Technology Laboratories>?

studied ternary additions to
thorium contalning. 5 and lO%.U.- Tensile and stress-rupture strengths of
the base alloys at 600 and 800°C could be essentially doubled by alloying.

The most noticeable improvements were obtained with 2 and 5% Zr additions



Table 15. Mechanical Properties of Bomb-Reduced-Thorium-Uranium Alloys®

Strength, psi

Analyzed - Elongation Reduction
Composition 0.29 Offset in 1 in. of Area H?§§§§SS Reference
(wt %‘U) . ;ield Tensile (%) (2) |
Unalloyed - 19,400 - 31,700 46 50 79 34
1.00 25,600 138,400 C 37 51 104, 34
5.08 27,400 42,300 38 bty 105 : 34
10.2 30,000 45,000 35 50 34
20.6 30,800 . 47,600 38 41 o122 35
30.9 36,100 55,800 24 | 34 131 35
40.6 38,500 62,400 28 35 143 35
51.2 40,100 : 23 146 _ 35
49.1 43,500 - 66,500 10 26 146 35

%pnnealed 2 hr at 850°C.

ce
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Fig. 15. Creep Strength of Thorium-Uranium Alloys.* [Reprinted
from Reactor Mater. 6(4), 20 (Winter 1963-1964). ]

*M. S. Farkas, A. A. Bauer, and R. J. Dickerson, "Development of
Thorium-Uranium and Thorium-Uranium-Base Alloys for Breeder Applicationsj
pp. 468497 in Proceedings of the Thorium Fuel Cycle Symposium,
Gatlinburg, Tennessee, December 57, 1962, TID-7650, Book 2 (July 1963).

1
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Table 16. Tensile Properties of Thorium-Base Alloys®

Strength, psi

C?mposit§on : Test ~ Elongation

bal Th Temperature in 1 in.

(wt %) (°c) _0.2?i2§§8et Tensile (%)
Ames thorium 2529 34,900 37,700 13
10U 2529 26,900 37,700 . 13.5
10 U—1.5 Mo 2529 26,400 41,000 15
10 U—2 Wb 2529 22,900 35,400 22
10 =10 Zr 2529 35,200 53,200 12
10 U-10 Zr—2 Nb 2529 39,200 60,400 14
Ames thorium . 600 13,800 - 15,700 26
10U . 600 13,800° 17,970 A
10 U-1.5 Mo - 600 11,220 - 17,700 43
10 U—2 Nb - 600 12,550 18,000 37
10 —10 Zr 600 19,600 28,400 4,

. 10 I—10 Zr—2 Nb 600 19,200 25,640 48
Ames thorium 700 4,280 8,090 58
0ou 700 . . 8,800 10,300 4,

10 =2 Nb 700 8,400 10, 800 - 66
10 =10 Zr 700 15,400 20,000 39
10 U=10 Zr—2 Nb 700 12,100 13,910 77
10 U-0.1 Be 700 8,610 11,200 ' 47

M. s. Farkas, A. A. Bauer, and R. J. Dickerson, "Development of
Thorium-Uranium and Thorium-Uranium-Base Alloys for Breeder Applications,'
pp. 468—497 in Proceedings of the Thorium Fuel Cycle Symposium,
Gatlinburg, Tennessee, December 57, 1962, TID-7650, Book 2 (July 1963).




Fig. 16. Creep Strength of Th—10% U Alloys Containing Indicated
[Reprinted from Reactor Mater. 6(4), 21 (Winter 1963—1964). ]

Additions.*

*M. S. Farkas, A. A. Bauer, and R. J. Dickerson, "Development of
Thorium-Uranium and Thorium-Uranium-Base Alloys for Bréeder Applications,'
pp. 468497 in Proceedings of the Thorium Fuel Cycle Symposium,
Gatlinburg, Tennessee, December 5—7, 1962, TID-7650, Book 2 (July 1963).
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to the Th—5% U and Th—10% U alloys, prepared by carefully controlled arc
melting and heat treated by quenching and aging. Additions of Nb, Mo, C,

Al, and Be also significantly improved strength.

Thorium-Zirconium Alloys

The solid solubility of zirconium in thorium is about 2.5% at 900°C;
no intermetallics are present.>? ' ‘ ‘
‘Data from two laboratories?®,25 on room-temperature tensile prop-
erties of thorium-zirconium alloys éontaining up to 50% zr aré graphically
presented37 in Fig. 17. A 1% alloy shows a sharp increase in tensile and

yield strengths, but a 2% alloy shows a drastic drop in strength values

T 1 T T T T T

TensileM
v /A v &
/‘ ‘Yield S_!rengvh /
(0.'1"/«0"se”/A

Stress, in Thousands of psi

|
A
o

Elangation in 1 in.
_———‘_—?

1 f 1 Q PE— 1
20 30 , 40 50

Zirconium Content, wt. %

20

0

lieduc'ion in Area
and Elongation, %

Fig. 17.. Effect of Zirconium on Tensile Properties of Wrought
Annealed Iodide Thorium. (): forged, hot-rolled at 700°C, cold-reduced
50%, annealed 1 hr at 750°C;* A: cold-reduced 70 to 87%, annealed 2 hr
at 850°C;** #@: cold-reduced 70 to 80%, annealed 20 hr at 825°C;**

A: hot-rolled, annealed 20 hr at 825°C.*¥* Lines connect data from two
laboratories. [Reprinted from I. B. Roll, "Thorium and Its Alloys,"

p. 176 in Nuclear Reactor Fuel Elements, Metallurgy and Fabrication
(ed. . by A. R. Kaufmann), Interscience, New York, 1962.]

*R. M. Goldhoff et al., A Study of Thorium-Base Alloys, BMI-720
(Dec. 26, 1951).

**G. C. Danielson et al., Terminal Report of an Investigation of
the Properties of Thorium and Some of Its Alloys, ISC-297 (Oct. 1, 1952).




below those of the base metal. Similar depreciation of tenéile properties
is observed in thorium when alloyed With’othér sfrong carbide formers
and is attributed to removal of carbon from solid solution. Allo&s with
‘zirconium contents increasing from 5 to 509 show steady increase in
. strength.. ' A

The;limited data available38 on tensile'propertieé of thorium-
ziréonium allbyS'at 800°C are given in Table 17. Strength appears to
increase rather than decrease with zirconium content in the range O to 5%
at high temperature. Since carbon in solid solution does not contribute
appreciably to the strength of thorium above 500°C, softening should not
be expected to accompany any séavenging‘of'carbon by zirconium. The
cause of unéxpeoted low ductility displayed by the 5%_Zr alloy was not

determined but is believed characteristic of the alloy. .

Table 17. Tensile Properties ofiThQrium—
Zirconium Alloys at goo°c® b

~

Strength, psi

Intended Elongation
Composition : in 2 in.
0.2% Offset .

(wt % zr) Yield Tensile. (%)
2140 2885 ' 40.0

' 4245 5350 55
5¢ No yield - 4570 0.4

&7. A. Burka and J. P. Hammond, "High-Temperature
Thorium-Base Alloys," Metals and Ceramics Div. Ann,.
Progr. Rept. June 30, 1964, ORNL-3670, pp. 249250.

bArc-melted, calcium~reduced base metal, homoge-
nized at 1000°C and hot rolled to 25% reduction at
g00°C. ' ) _ .

CAverage of two tests.
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Thorium-TIndium Alloys

Tndium has restricted solubility in thorium at ordinary temperatures
but is soluble to 0.8% at 800°C. It reacts with thorium to form at least
one intermediate phase,32 ThoIn. This suggests that indium may harden
by both solid-solution sfrengthening and precipitation hardening.

Goldhoff et 3&.30’35 got indications of excellent room-temperature
strength in an arc-melted Th—2.5% In alloy prepared from bomb—reducéd
~thorium. However, they did not analyze for indium, and since indium has
such a high vapor pressufe, it was not certain whether indium or carbon
was the major contributor to strength.>?° |

In exploratory hot-hardness studies on arc-melted binary alloys<of
thorium, ORNL found indium to be superior to all other elements as a
high-temperature hardener.27 An alloy analyZing 3.8% In gave a DPH value
of 55 kg/cm2 at 750°C, which is five times as high as unalloyed thorium
and substantially higher than all other binary alloys. To -circumvent the
pfoblems impbsed by the high vapor pressure of indium when alloys are
prepared By induction or arc-melting, a powder.metallurgy procedure for
making thorium-indium alloys was devised. Ductile indium was ball-milled
in alcohol to ultrafine powder, then blended with fine calcium-reduced

thorium powder; the mixture was consolidated by hot pressing. Table 18

Table 18. Tensile Properties of Thorium-
Indium Alloys at goo°c> P

/

Indium Content Strength
+ . .
(vt %) (psi) Elongation
. ' Ultimate 0.2% Offset (%)
Nominal Actual Tensile Yield

2 1.78 6475 5550 10.0

3 2.60 7315 ' 6330 6.0

4 3.68 - 6940 A 6120 5.5

5 4.38 7810 ‘ 7130 20.0

=
J. A. Burka and J. P. Hammond, "High-Temperature Thorium-

Base Alloys," Metals and Ceramics Div. Ann. Progr. Rept.

June 30, 1964, ORNL-3670, pp. 249—250.

= .
Prepared by powder metallurgy, hot pressed under
argon, homogenized at 1000°C, and extruded at 900°C.
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gives the.results38 of tensile tests conducted at 800°C on alloys con-
taining 2 to'5% In; Fig. 18 shows the results of hot hardness traverses
made on tHese alloys.?® The alloy that analyzed 4.38% In shows an
exceptionally good combination of ductility, strength, and hardness at
800°C. * While indium does not have a\sufflciently»low thermal-neutron
absorption cross section for fuel application in thermal reactors, its

absorption spectrum is favorable for use in fast. reactors.

\
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Fig. 18. Hardness (l -kg load) -0of Thorium and Thorlum Indium Alloys
at Elevated Temperatures *
~ %J. A. Burka and J. P. Hammond, "High- Temperature Thorium-Bdse
Alloys," Metals and Ceramics Div. Ann. Progr. Rept June 30, 1964,
.ORNL-3670, pp. 249-250.

Thorium-Carbon Alloys

The solubility of carbon.in thorium is 0.2 to 0.35% at room tempera-
ture and increases with temperature. Several compounds exist.32
° As shown in Fig. 14, p. 30, carbon is a potent. strengthener of
.thorium. It strengthens by solid-sclution strengthening and also by age
hardening, as exemplified by bomb-reduced throium. Strength imparted by
carbon persists to temperatures around 400°F; it drops off abruptly with

further increase in temperature.
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Carbon also had pronounced effect on the impact resistance of
thoriﬁm,22 illustrated in Fig: 19. Bomb-reduced and iodide thorium con-
taining 0.16 and 0.21% C, respectively, show low impact resistance and
a brittle fracture at temperatures near or below room temperature. As
temperature is increased above a certain level, a higher energy is
required to produce fracture. Above this transition temperature, the
fracture i1s ductile. Iodide thorium contaihing about 0.02% C shows no
transition temperature and fractures in a ductile manner even at —196°C.

Carbon apd, to a lesser extent, nitrogen confer age-hardening char-

30

acteristics to thorium. Hardening develops on aging carbon-containing
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Fig. 19. Impact Behavior of Annealed Thorium Containing Carbon.*

*J. A. Milko, Metallurgy Div. Semilann. Progr.vRept. Oct. 10, 1953,
ORNL-1625, p. 7. ' ’ '
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thorium alloys that have been quenched from above appro%imately 800°C or
:have been cold rolled. Tﬁe degree of hardening developed ié time and
temperature depéndent and increases with the amount of carbon. vMaximum
hardness appears to develop after heating from 1 to 5 hr at temperatures
between 250 and 350°C. Table 19 gives the mechanical propertieé of a
0.10% C alloy in various conditions of heat treatmeqt.40_ - ‘
Certéin alloying‘ingredients, when added to thorium containing
carbon, apparently combine with carbon and result in softening. Titanium,
molybdenum, niobium, and zirconium have shown this scavenging effect,
Other elements, such as indium and uranium, appear to act 1ndependently

of carbon and augment its strengthenlng effect

‘Table 19. Mechanical Properties of an Induction-Melted Th—0.10% C
Alloy in Various Conditions?®

Strength, psi Elongation Reduction Hardness
Condition  0.2% Offset Tensil in 1 in.  of Area (vr)
Yield ensiLe (%) (%)
Annealed 2 hr at 29,200 40,100 26 . 48 110
- 850°C '
Solution annealed 30,000, = 40,900 40 49 103
2 hr at 850°C
and quenched
Aged 20 hr at 350°C 29,600 43,600 40 47 113
after solution ' :
anneal
Cold rolled 20% 49,200 ©.52,100 14 51 127
Cold rolled 20% and 46,000 59,400 20" . 37 153
aged 20 hr at . . '
350°C )
Cold rolled 50% 50,400 55,800 10 37 133
Cold rolled 50% and 56,400 62,200 8 ‘ 26 159
aged 20 hr at - :
350°C

*R. M. Goldhoff H. R. Ogden, and R. I. Jafee, Thorium-Carbon
Alloys, AECD-3560 (June 19, 1953). ,
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Thorium-Nitrogen Alloys

The solubility of nitrogen in thorium*! varies almost linearly from
0.05% at 850°C to about 0.35% at 1500°C.. As indicated in Fig. 14, p. 30,
nitfogén apparently gives moderate strengthening up to 0.17%, after which
strengthening’leveléd off.?% Both a solid-solution effect and age hard-

ening may contribute to strengthening. Figure 20 shows the effect of
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Fig. 20. Aging Curves for Iodide Thorium Alloyed with Nitrogen.*
[Reprinted from Reactor Handbook (ed. by C. R. Tipton, Jr.), 2nd ed.
Vol I, Interscience, New York, 1960. ] '

*R. M. Goldhoff et al., A Study of the Strengthening of Thorium by
Alloying, Cold Work, and Aging, BMI-776 (Nov. 1, 1952).
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age-hardening time and temperature on the hardness of iodide thorium

containing 0.18 and 0.41% N.

Thorium-Oxygen Alloys

Investigations -of alloying behavior of oxygen in thorium. indicate

32 Thorium and oxygen

little, if any, solubility of oxygen in the thorium.
form the stable compound ThO,. A>preliminary examination of thorium-
oxygen alloys34 indicated that only a slight strengthening effect was

achieved by adding oxygen to iodide or bomb-reduced thorium.

Thorium-Chromium Alloys’

Chromium forms a simple eutectic phase diagram with thorium with no
known solid solubility at either end.’?? Tests conducted at ORNL on alloys
prepared frém three separate lots of iodide thorium indicate that chromium
improves strength and hardness.%? Table 2Q gives tensilé and hardness

° The general trend is one of increasing

data of represenﬁative alloys.3
strength with increasing chromium, although several discrepancies appear,
which are probably attributable to varying carbon content among the alloys.
In thorium-chromium alloys with carbon purposely added (Table 20),
‘the strengthening effect on the iodide thorium by the combination of
chromium and carbon is quite marked.>? Relatively high strength and
hardness values were obtained without a severe reduction in ductility.

' The effects of chromium on the mechanical prdperties of bomb—feduced
thorium are not well defi?ﬁd, éince fhe data available represent alloys
that had received different heat treatments. However, these datal35,43—45 "
indicate that chromium is a moderate strengthener and hardener of bomb-

reduced thorium.

Thorium-Tin Alloys

A preliminary investigation showed tin to be only slightlyxsoluble

in thorium, and an obseérved embrittling effect suggested that intermetallic

compound form.>?



Table 20. Mechanical Properties of Thorium-Chromium Alloys With and Without Added Carbon®? P

Analysis, wt % Strength, psi

Proportional Elongation Reduction
. . . Hardness
Limit frset in 2 in. of Area (Ryy)
Chromium  Carbon (psi) 0.2% Offse Tensile (%) (%) H
Yield . .
Thorium-Chromium Alloys g
0 0.062 3,800 7,900 17,700 29.0 62.0 66
0.25 0.016 3,400 5,500 17,800 38.0 63.0 62
0.42 0.011 4,000 - 6,600 20,400 - 23.0 34.0 64
0.86 0.017 10,100 15,100 30,700 - 29.0 41.0 90
1.81 - 0.009 5,300 10,600 27,700 - 24.0 46.0 82
2.77 0.038 11,200 18,000 35,500 . 24.5 46.0 95
3.29 0.019 7,900 14,800 31,700 19.0 36.0 90
4,95 0.015 . 11,100 - 23,700 44,100 18.0 30.0 100
4.63 0.055 15,600 23,600 42,400 25.0 40.0 100
5.39 0.065 14,900 28,100 45,300 5.0 11.0 105
7.01 0.058 20,900 36,000 53,500 9.0 25.0 110
Thorium-Chromium-Carbon Alloys
0.22 0.041 23,100 28,200 35,700 43.0 55.0 106
0.28 0.112 26,500 32,300 39,500 42.0 55.0 55
0.78 0.104 28,400 36,100 45,500 35.5 56.0 58
1.55 0.101 28,900 : 38,900 51,500 29.0 37.0 64
2.42 0.091 . 32,100 . 41,400 56,000 32.0 36.0 68
3.60 0.075 32,400 46,000 62,200 20.0 16.5 68

®R. E. Adams et al., "Thorium Alloys," pp. 227247 in Reactor Handbook (ed. by C. R. Tipton, Jr.),
2nd ed. Vol. I, Interscience, New York, 1960,

Pyalues given are averages of duplicate tests on material based on iodide thorium and arc
melted, cold rolled about 85%, and annealed 30 min at.650°C.

77
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A cursory dinvestigation of the ;ffect of tin on the mechanical proper-
ties of iodide thorium disclosed that even small additions tend to harden
and strengthen thorium.>® The data of Table 21, from specimens with
approximately the same carbon level, indicate that tin is a potent alloying
element for the given treatment. Ductility appears to be lowered appre-
ciably even with the low tin additions.

The addition of tin to bomb-reduced thorium also indicates a hardening
and strengthening effect?? (Table 22). This‘effect is not as pronounced
in the given treatment as it is in the iodide thorium with its pérticular
treatment. |

Alloys containing up to 2% Sn could be cold rolled to about 85%

reduction without edge cracking, an indication of good fabricability.

Thorium-Molybdenum Alloys

Molybdenﬁm is only very slightly soluble in thorium and forms a simpie
eutectic phase diagram with it.32 ]

- The effects df molybdenum on the tensile properties. and hardness of
iodide thorium®® are given in Table 23. Molybdenum appears to have a
moderate effect in strengthening énd hardening phoriUm; the ductility
drops off with strengthening, Similar results were obtained®’ when
molybdenum was added £0 bomb-reduced thorium, as shown in Table 24.
Little or no improvement in strength properties was obtained up to about

3% Mo; there is some evidence of softening, presumably because carboﬁ

scavenges molybdenum,

Thorium-Niobium Alloys

Niobium is soluble in thorium to only 0.1% or less and appears not

to form intermetallic compounds.Bz

A preliminary study39 showed that niobium moderately strengthens and

. hardens iodide thorium; results are in Table 25. A slight softening

and an accompanying decrease in strength occur at 1 to 2.5% Nb. This
again appears to be a carbon-scavening effect. Similar trends“® are
evidenced in the data presented in Table 26 for nioblum-containing alloys

prepared from bomb-reduced thorium. ' ' -



Table 21. -Mechanical Properties of Iodide Thorium-Tin Alloysaﬁb’

Analysis, vt % Proportional Strength, psi Eldngation Reduction Hardness
Limit in 2 in. of Area

Tin Carbon (psi) O.2?igi§set Tensile (%) (%) Rockwell  Vickers®
0.32 0.019 23,000 29,000 31,000 9.0 45.0 102 Ry 81
0.33 0.017 - 20,100 27,000 31,700 9.0 44,0 102 Ry 83
0.52 0.015 23,700 31,700 36,000 9.0 49,0 105 Ry 94
0.79  0.017 24,200 38,100 43,000 10.5 50.0 109 Ry 106
0.97 0.006 28,700 38,000 43,000 9.0 39.0 .52 Rp o112
1.57 0.012 . 31,600 . 46,500 54,000 10.0 40.0 71 Rp 133
2.00 0.017 39,200 53,000 60,000 8.0 22.0 75 Rp - 146

4R. E. Adams et al., "Thorium Alloys," pp. 227247 in Reactor Handbook (ed. vy C. R. Tipton, Jr.),
2nd ed. Vol. I, Interscience, New York, 1960.

beola rolled about 85% and annealed 1/2 hr at 650°C; all values are averages of two tests.
€10-kg 1pad; 2/3-in. objective.

9%



Table 22. Mechanical Properties of Alloys of Bomb-Reduced Thorium with Tin®

Strengfh, psi

Elongation

Tin Reduction Hardness
Content in 1 in of Area Condition
0.2% Offset . ' (vew)
(vt %) bOTISCt  pensile (%) (%) )
Unalloyed 29,000 39,000 32.0 46.0 106 1 hr at 750°C after 50%
o ' cold rolling
0.47P 30,000 47,000 28.0 43.0 116 1 hr at 750°C after 50%
' cold rolling ’
Unalloyed 19,400 31,800 46.0 ' 50.0 79 Cold rolled 50% and annealed
. ' 2 hr at 850°C
1.23P 23,000 41,000 18.0 35.0 88 Cold rolled 50% and annealed
' \ 2 hr at 850°C
1.32¢ 24,000 40,500 31.0 43.0 9% Cold rolled 50% and annealed

2 hr at 850°C

®R. M. Goldhoff et al., A Study of Thorium-Base Alloys,

bAnalyzed value.

CIntended value.

BMI-720 (Dec. 26, 1951).

Ly



Table 23. Mechanical Propertiés of Todide Thorium-Molybdenum Alloysan

N

Analysis, wt 9 Strength, psi
) gth, 1

PfOportional Elongation Reduction
.. . . Hardness

Limit 0 27 Offset . in 2 in. of Area (R )

Molybdenum Carbon (psi) Er © Tensile (%) (%) H
Yield

0.33 0.046 3,200 ' 5,500 18,400 . 39.5 50.0 74

0.55 0.053 4,000 6,100 19,300 "36.5 2 52.0 72
0.99 0.040 4,900 . 7,900 22,000 e 38.5 46.0 80
1.99 0.035 7,500 13,700 30,000 27.0 42,5 91
3.93 0.048 7,000 12,200 30,000 25.5 50.0 87
7.70 0.0ﬁO 10,000 19,100 39,800 22.5 45,5 96

®R. E. Adams et al., "Thorium Alloys p. 241 in Reactor Handbook (ed. by C. R. Tipton, Jr.),
2nd ed Vol. I, Intersc1ence, New York, 1960,

Spe01mens cold rolled about 85% and annealed 1/2 hr at 650°C All values given are averages of
duplicate tests.

87



Table 24.

Mechanical Properties of Bomb-Reduced-Thorium-Molybdenum Alloysa’b

Strength, psi

Molybdenum Elongation Reduction
Analysis 0.29 Offset in 1 in of Area H?rdn§SS
. se o ) VHN
(wt %) ;ield Tensile (%) (%)

Unalloyed 22,800 35,200 45 82

0.50 20,100 $ 32,400 29.0 53.0 77

0.72 25,400 36,900 46.0 101

2.20 23,000 37,600 31.0 50.0 g1

4R, M. Goldhqff et al., A Study of Thorium-Base Alloys, BMI-720 (Dec. 26, 1951).

bSpecimens cold rolled 50% and annealed 2 hr at 850°C. All values are averages

of four tests.

¥4



Table 25. Mechanical Properties of Iodide Thorium-Niobium Alloysa’

b

Analysis, wt %

Strength, psi

Reduction

Proportional Elongation
s . . Hardness
o : le?t 0.29 Offset . in 2 in. of Area (RH>
Niobium Carbon (psi) Yiela Tensile (%) (%)
0.40 0.042 14,900 25,000 29,100 8.0 47.0 97
0.85 0.041 15,900 22,800 29,100 7.0 _48.0 97
1.29 0.050 12,300 20,200 28,700 19.0 38.0 - 92
2. 44 0.048 6,600 12,700 26,000 22.5 52.0 85
4. 54 0.041 16,000 29,700 39,800 23.0 39.0 101
9.15 0.052 16,300 31,300 43,400 11.0 46.0 102

®R. E. Adams et al., "Thorium Alloys," p. 235 in Reactor Handbook (ed. by C.
2nd ed. Vol. I, Interscience, New York, 1960.

bSpecimens arc melted, cold rolled about 85%, and annealed 1/2‘hr at 650°C.
are averages of two tests.

R. Tipton, Jr.),

All values given

0g
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Table 26. Mechanical Properties of Bomb-Reduced-Thorium-Niobium Alloysa’b

Analysis, wt % Strength, psi

_ temperature.

Proportional 4Elongation Reduction
Limit in 2 in.- of Area
. : . 0.2% Offset . i )
Nloblum..Carbon (p;l) | ?ield Tensile (%) (%)
0.25 0.051 28,500 36,000 41,300 20 ‘ 38¢
0.69 0.055 18,300 - 27,200 35,400 23 464
1.29 0.085 13,600 23,900 -+ 34,300 26 44,4
2.28 0.047 5,700 9,500 24,900 40 60d
5.37 0.039 7,500 13,100 30,100 33 59d
9.30 0.036 6,600 " 13,400 33,200 29 504
a

: J. A. Milko, Metallurgy Div. Quart. Progr. Rept. Oct. 31, 1952,
ORNL-1437, pp. 4.

Poast 1 1/4-in.-diam billet, swaged to 5/8-in. diameter, and annealed

. 1/2 hr at 750°C.,

CAverage of three teét bars.

- dAverage of four test bars.

Thorium-Titanium Alloys

- Titanium forms a simple eutectic phase diagram with thorium and has
very little solid solubility in thorium — probably less than 0.1% at room
32 '

Dilute additions and large amounts of titanium in low-carbon iodide

thorium have a slight'hardening and strengthening effect.?? Dilute addi-

‘tions of titanium to carbon~containing iodide thorium alloys reduce their

strength, as illustrated in Table 27. Also, up to about 1% Ti diminishes
hardness and tensile properties in bomb-reduced thdrium, whereas 10% Ti

appears to have stfengthened it39,45 (Table 28). The observed softening
probably results from titanium combining with carbon, a good interstitial

solute strengthener.
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Table 27. Properties of Annealed Iodide Thorium-Titanium Alloys®

Strength, psi

Cgmpgsition . Hardness Elohgation Reduction
o ) S s o T
’ Yield ? : °
Unalloyed 45 111,200 19,700 45 60
0.15 C 116 27,300 38,800 46 49
0.15C, 0.78 Ti 50 13,400 25,600 16 51
1.16 Ti 51, 11,500 23,900 . 32 45

®R. M. Coldhoff et al., A Study of the Strengthening of Thorium by
Alloying, Cold Work, and Aglng, BMI-776 (Nov. 1, 1952).

Table 28. Mechanical Properties of Annealed Bomb- Reduced
- Thorium-Titanium Alloys®

Titanium Content Strength, psi ;

Elongation Reduction
(val vomb- ; .
. e Hardness in 2 in. of Area ,
reduced_thorlum) 0.2% Offset Tensile (%) (%)
(vt %) Yield N 0
Aﬁnealed at 875°C
Unalloyed 21,300 32,600 38
1 F30 BHNP 9,900 28,000 19
5 . ~ F55 BHNP 14,800 34,900 19
10 . F54 BHN® . 25,100 - 42,300 13
Annealed 1 hr at 750°C .
Unalloyed 106 VHN - 30,300 39,600 _ 52
0.22 95 VHN 26,400 38,300 35 49 .
1.20 53 VHN 10,900 23,600 - 33 50

®R. M. Goldhoff et al., A Study of Thorium-Base Alloys, BMI-720
(Dec. 26, 1951) and H. A. Wilhelm et al., Semiannual Progress Report
in Metallurgy, I15C-203 (March 31, 19527'

500—OZ load.
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Thorium-Vanadium Allbys

’ As in the preceding three alloy systems, vanadium forms a simple
eutectic phase diagram with thorium and has very little solid solubility
32 ’

Table 29 shows the mechanical properties of thorium-vanadium alloys
prepared with iodide thorium as a base and carbon maintained at an essen-
tiaily'cqnstant level.?? Vanadium shows a moderate strengthening and
hardening effect in iodide thorium along with a corresponding decrease
in ductility. A probable tendency toward carbon scavenging may be noted
at 0.5 to 1% V. | |

A similar investigation®?,4%

conducted with bomb-reduced thorium
seemed to indicate a decrease. in strength and ductility with additions of

vanadium up to 3.5% and possibly higher (Table 30); this is probably

.associated with removal of carbon from solid solution.

Thorium-Aluminum Alloys

Aluminum forms one or more intermetallic compounds with thorium.
Indications are that it has very low solid solubility in thorium, prac-

tically nil at room temperature.32

Preliminary\attempts to fabricate
thorium-aluminum alloys forvstudy‘of broperties resulted in failure
because of their inherent brittleness.>?2%3,47 MEchanical property
datagdi30’35 for alloys containing only small amounts of aluminum are
presented ianable 31. 1In the alloys prepared from iodide thorium, the
small additions of aluminum seem to strengthen and hardén the thorium

bnly slightly. A similar but somewhat inconsistent pattern is‘evident

forvthe bomb-reduced alloys.

Thorium-Beryllium Alloys

Beryllium forms the intermetallic compound ThBeqs with thorium; this

32 Beryllium has only slight

intermetallic forms an eutectic with thoriuri.
solubility in thorium; there is evidence of the brittle beryllide phase

in iodide thorium containing only 0.07% Be.



" Table 29. Mechanical Properties of Iodide Thorium-Vanadium Allo;ysa’b

Analysis, wt 9% . PTOpQr?ional Strength, psi Elongation Reduction Hardness

Limit 7) of Area (R )

Vanadium  Carbon (psi) Yield Tensile 0 (%) H
0.22 0.036 7,300 11,900 = 23,400 4,0 63.0 78

0. 50 0.038 5,600 . 7,000 20,800 440 62.0 65
0.95 0.042 6,200 9,400 23,800 40.0 61.5 75
1.85 0.041 © 7,100 10,500 26,400 36.5 59.0 81

- 3.86 0.045 10,400 -~ 17,000 36,100 24.5 48.0 93
7.81 0.038" 13,600 25,800 41,400 21.0 52.0 100

- ®R. E. Adams et al., "Thorium Alloys," p. 238 in Reactor Handbook (ed. by C. R. Tipton, Jr.),
2nd ed. Vol. I, Interscience, New York, 1960, ' ' '

PSpecimens cold rolled about 85% and annealed 1/2 hr at 650°C.

7S



Table 30, Mechanical Properties of Bomb-Reduced Thorium-Vanadium Alloysa’b

Analysis, wt % Proportional ‘Strength, psi

'~Elongation ) Reduotion
: Limit ) in 2 in. of Area
. : 0.2% Offset - '

Vanadlum Carbon ‘(ps1) ) ?ield Tensile (%) (%)
0.39 0.038 16,200 20,000 30,900 - Y 47.0 57.0C
0. 59 0.035 13,700 17,900 29,300 . - 57.0 64, 04
1.17 0.033 13,700 16,600 27,400 - 51,0 62.0d
3.33 0.040 11,400 16,300 33,600 " 34.0 55.0°
6.30 0.087 12,100 20,400 39, 500 26.0 - 40.0°
8.46 0.041 12,700 20,200 36,700 28.0 50.0¢

8R. E. Adams et al. "Thorium Alloys p. 239 in Reactor Handbook (ea. by C. R. Tipton, Jr.),
2nd ed Vol. I, Intersc1ence, New York, 1950. :

Peast 1 1/4-in.-diam billet swaged to 5/8 in. diameter and annealed 1/2 hr at 750 C.

Average of four test bars.
Average of three test bars.

eAverage of two test bars.

99



Table 31.

Mechanical Properties of Thorium-Aluminum Alloys®

Strength, psi

825°C for 1/2 hr.

Aluminum Elonsation Reduction
Analysis : e of Area Hardness  Reference Condition
(vt %) 0.2% Offset Censile (%) (%) .
Yield ¢
Todide Thorium

Unalloyed 11,200 19,700 - 44D 60 45 VHN - 30 Cold rolled 50% and
annealed 2 hr at
850°C.

0.015 11,900 20,700 46P 69 56 - VHN 30 Cold rolled 50% and
annealed 2 hr at
850°C.

- 0.17 13,000 26,600 - C 71 60 VHN 30 Cold rolled 50% and
' annealed 2 hr at
850°C.
Bomb-Reduced Thorium
Unalloyed 19,400 31,300 46P - 50 79 VHN 35 Cold rolled 50% and
» ' annealed 2 hr -at
850°C.

0.10 24,600 40,800 340 43 90 VHN 35 Cold rolled 50% and

. annealed 2 hr at

~850°C.

Unalloyed 21,500 33,400 54 60 71 Rg 20 Probably annealed at

S : , : 835°C for 1/2 hr.

0.02 28,400 38,900 29 80 Ry 20 Probably annealed at
825°C for 1/2 hr.

0.05 21,600 . 34,600 43 76 Ry 20 Probably annealed at

. ~ , 825°C for 1/2 hr.

0.10 24,600 39,000 38 81 Rm 20 Probably annealed at

%A11 values are averages of four tests.

bl—in. gage length.

c ,
Fracture outside of gage length.
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The fabricability of thorium-beryllium alloys is handicapped by
their brittleness.- Mechanical properties of some lean thorium-beryllium

alloys prepared from iodide thorium? 0’42

are presented in Table 32. Small
amounts of beryllium, up to about 0.7%, appear to have a very small hard-
ening and strengthening effect on thorium. Beryllium is pfesént as an
impurity in bomb-reduced thorium in amounfs ranging between approximately
0.02 and 0.06% and may contribute sllghtly to its strength advantage

over 1od1de thorium.

Table 32. Mechanical Properties of Annealed Todide
Thorium-Beryllium Alloys®

Beryllium Strength, psi

Elongation Reduction Hardness
Analysis ’ of Area
(wt %) 0.2% Offset Tensile (% (%) (va)

Yield:

Hot Rolled, Cold Rolled to 50% Reduction to 0.040 in. Thick,
and Annealed 2 hr at 850°C

0 11,200 19,700 440 60 45
0.022 14,700 24,000 - 35P 73 53
0. 066 14,400 22,900 30P 69 - 48 -
Cold Rolled to about 85% Reduction and Annealed 1/2 hr at 650°C
0 7,600 18,000 27¢ 69 54
0.02 6,700 19,500 - 38 . 71 4,
0.03 7,000 18,600 41¢ 57 47
0.04 . 6,300 19,900 29¢ . 76 46
0.11 . . 7,800 21,700 38¢ 67 52
0.32- 10,700 18,500 - 4& ‘ .13 62
0.50 12,200 24,100 29¢ 36 - 57
0.69 - 16,900 31,600 25¢ 34 72 -

®R. M. Goldhoff et al., A Study of the Strengthening of Thorium
by Alloying, Cold Work, and Aglng, BMI-776 (Nov.. 1, 1952); and
E. J. Boyle et al., Metallurgy Div. Quart. Progr. Rept. April 30, 1952,
ORNL-1302, pp. 5=20. ' : -

bIn 1 in.

cIn 2 in.

©
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Thorium-Tungsten Alloys

Tungsten forms a simple eutectic phase dlagram with thorium. The
solid solublllty of tungsten in thorium is very small. 32 Alloys containing
0.7 and 4% W were readily rolled, and the addition of tungsten appeared to

have a very slight strengthening effect,??

Thorium-Tantalum Alloys

The solubility of tantalum in thorium is not known, and information
on the possible existence of an intermetailic compound appears to be
contradictory. Small amounts of tantalum may scavenge carbon and reduce
the hardness and strength of bomb-reduced thorium; Larger amounts (up to

about 5%) have a slight strengthening effect.3?

Thorium Alloys Containing Rare-Earth-Metal Additions

The effects of holmium, neodymium, and praseodymium on the mechanical
properties of thorium were studied by the Bureau of Mines.*® Holmium
additions increased the tensile strength, yield strength, and elongation
of thorium. A thorium alloy containing 50% Ho showed a tensile strength
of 44,000 psi at 320°C and 28,000 psi at 540°C, compared to strengths of
31,500 and 22,500 psi at these temperatures for pureithdrium. Elongation
inqréased from 5% for thorium to 9% for Th—50% Ho at 320°C and from 8 to
16% at 540°C. Neodymium additions reduced the tensile strength and yield
strength of thorium. At 320°C, a Th—50% Nd alloy showed a tensile strength
of 23,400 psi and an elongation of 6%. Praseodymium showed effects

similar to those of neodymium.

Effects of Irradiation on Mechanical Properties of Thorium Alloys

Little information is available on the effects of irradiation on the
mechanical properties of thorium-base alloys except for thorium-uranium
alloys. Table 33 illustrates the effects of neutron irradiation on the
room-temperature mechanical properties of alloys containing 1, 4, and

5.4% U (93% 2353). Central temperatures of the specimens during irradiation
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Table 33, Mechanical Properties of Irradiated and Unirradiated
Thorium-Uranium Alloys® _

Accumulated Exposure Strength, psi

Total .

Uranium Flastic _
Content Modulus ‘ Elongation
> Burnup . 0.2% Offset Ultimate :
(wt %) ne%tronS/cm (at,.%). (psi) _ " Yield Tensile \(%)
i x 1020 ' x 106 x10°  x 103
1.0P 0 : 8.6 49.5 51.7 25.4
1.0 4.9 0.19 10.8 70.9 71.7 9.6
4. 0P 0 10.1 51.8 55,7 24.6
4.0 0.4 . 0.08 10.3 68.7 68.7 15.6
4.0 0.7 0.15 10.5 70.7 72.2 15.0
5.4C 0 13.1 25.5 41.8 22.3
5.4 0.25 0.07 « - 10.7 62.6 63.8 13.8

aHanford Atomic Products Operation Quarterly Progress Report on Fuels
Development Operation, October, November, December 1960, HW-70355, CLASSIFIED

bTested as swaged.

cAnnealed.

were less than 250°C. The data indicate that irradiation increases the
yield strength substantially, increases the ultimate strength only

moderately, and decreases the ductility.
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